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Abstract:  This paper describes a multi-fingered haptic palpation method using stiffness feedback actuators for 
simulating tissue palpation procedures in traditional and robot-assisted minimally invasive surgery. Soft tissue 
stiffness is simulated by changing the stiffness property of the actuator during palpation. For the first time, 
granular jamming and pneumatic air actuation are combined together to realize stiffness modulation. The 
stiffness feedback actuator is validated by stiffness measurements in indentation tests and through stiffness 
discrimination based on a user study. According to the indentation test results, the introduction of a pneumatic 
chamber to granular jamming can amplify the stiffness variation range and reduce hysteresis of the actuator. The 
advantage of multi-fingered palpation using the proposed actuators is proven by the comparison of the results of 
the stiffness discrimination performance using two-fingered (sensitivity: 82.2%, specificity: 88.9%, positive 
predicative value: 80.0%, accuracy: 85.4%, time: 4.84 s) and single-fingered (sensitivity: 76.4%, specificity: 
85.7%, positive predicative value: 75.3%, accuracy: 81.8%, time: 7.48 s) stiffness feedback. 
 
1. Introduction 
The hands of surgeons play an important role in tactile information acquisition for tumor 
identification during open surgery. In order to ensure that the entire tumor is removed and healthy 
tissue is spared as much as possible, the accurate localization of tumor is essential. Areas that are 
stiffer than the surrounding tissue are indicators for the presence of tumors. The texture and material 
properties of an object can be perceived by obtaining distributed pressure values during mechanical 
probing [1]. During Minimally Invasive Surgery (MIS), for the surgeon's hands to get directly in 
contact with tissue is not possible. Commonly, the soft tissue surface is prodded by a long surgical 
tool (a metal rod inserted through a trocar) to detect tumors; this process is called “instrument 
palpation” [2]. Nevertheless, instrument palpation is time consuming and not effective for small and 
deeply buried tumors since tactile information is missing [3]. Robot-assisted MIS (RMIS) has many 
benefits over traditional MIS, including enhanced 3D vision and improved dexterity, making the 
procedure easier for the surgeon. However, due to the lack of the sense of touch and possibilities to 
conduct “instrument palpation”, intra-operative tumor identification is difficult to achieve.  
Researchers have tried to implement “instrument palpation” methods using an RMIS system equipped 
with force feedback [4], however, this type of palpation procedure is not time-efficient [4]. Low-cost 
visual tactile cues can be introduced to compensate for the lack of tactile sensation – methods 
whereby material property distribution graphically overlaid over the image of the operating site are 
presented [3,5]. Nevertheless, graphically overlaying real-time stiffness data on top of the camera 
image can negatively impact on the clarity of the perceived image.  
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Tactile actuators, which provide the user with a more intuitive experience of palpation than visual 
tactile cues, have been introduced for tumor identification in MIS as for instance described in [6]. 
Currently, tactile feedback systems employ various actuation technologies including tactile pin 
displays [7], vibrotactiles [8], pneumatically activated tactile displays [9], microfluid-based tactile 
displays [10], surface acoustic waves [11], focused ultrasound [12], electrorheologically-activated 
displays [13] and electrotactiles [14]. These devices can be classified into two main types based on the 
actuation principles: devices with movable components and devices based on materials with 
adjustable stiffness. 
Providing distributed pressure (tactile information) to one finger during palpation has been conducted 
in [7,9,15]. Pneumatic tactile displays use air pressure to displace the skin, either by discharging air 
directly through nozzles against the skin or by inflating conformable tactors. Kim et al. [15] proposed 
and experimentally validated a pneumatic approach using an array of open nozzles (5×5) to discharge 
compressed air directly against the skin. Culjat et al. [9] developed a pneumatic balloon tactile display 
(3×2), which can be easily attached to existing commercial robot-assisted surgery systems such as da 
Vinci. Klein et al. [13] described a tactile actuator array (16 cells) using electrorheological fluid. Liu 
et al. [16] proposed a single MR fluid-based tactile element. Instead of only providing tactile feedback, 
Kim et al. [7] combines tactile pin display (6×8) with kinesthetic feedback in a palpation simulator. 
The experimental results show that compared to single-point force feedback, the single-fingered 
tactile palpation provides the user with more precise perception of the stiffness and shape of the 
embedded nodules. However, the development of aforementioned tactile devices is hampered by the 
complexity of control – all the elements of the actuator array need to be controlled simultaneously. 
The lack of commercially available tactile actuators limits current applications of tactile palpation 
simulation. 
In order to reduce the control complexity imposed by tactile feedback devices, here, we propose the 
application of multi-fingered palpation feedback. Compared with tactile haptic methods as described 
in [7,9] for instance, the number of actuator elements in our multi-fingered palpation haptic system is 
reduced, leading to a decrease of fabrication costs and likelihood of mechanical failures. Palpation 
using more than one finger is common during traditional open surgery. Several works on multi-
fingered palpation simulation have been reported in the literature. For instance, the Rutgers Master II 
force feedback glove was applied to training of knee palpation [17] and abdominal palpation for liver 
tumor detection [18]. These gloves use pneumatic actuators to apply forces to all fingertips of the 
user’s hand, except for the small finger. However, the glove limits the range of motion to the fingers 
because of the pneumatic cylinders that are part of its structure. Another example is the Haptic 
Interface Robot (HIRO) device used for breast palpation simulation [19]. It consists of a force 
actuated 6-DOF robot arm and three fingers with 3-DOF force feedback. This device was upgraded to 
the five-fingered HIRO III device [20], however, its control system is still complex since each finger 
has more than one joint. Therefore, the price is relatively high and the device is bulky; it has a weight 
of about 3.8 kg and requires a control apparatus box which weights 23 kg and has a size of 
443×222×464 mm3.  
Although rendering force distribution in palpation using rigid movable components improves tumor 
identification results, these systems do not give the user an instinct stiffness feeling [6,7]. Hence, 
stiffness feedback has been introduced using materials with variable stiffness [13,16]. Stiffness 
control technologies can be divided into material stiffening and structural stiffening. The viscosity of 
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electrorheological (ER) fluid can be adjusted by the application of an electric field. Similarly, the 
rheological properties of magnetorheological (MR) fluid can change when subjected to an external 
magnetic field. Prominent examples of the application of ER and MR in stiffness feedback are 
embodied in the work of Khaled et al. [13] and Liu et al. [16] who proposed a tactile actuator array 
using ER fluid and a single MR fluid-based tactile element, respectively. However, the controllability 
of these two methods is complex; it is difficult to tune stiffness and stable electric and magnetic fields 
are required to generate stiffness sensation. Moreover, the yielding strengths of ER fluid and MR fluid 
are only about 0 - 5 kPa (5,000 V/mm at 2-15 mA/cm2) and 0-100 kPa (239 kA/m magnetic field) 
[21]. The physical phenomenon called granular jamming is a structural stiffening method for stiffness 
modulation. The jamming phenomenon is a type of phase transition of the granular matter in response 
to external stimuli [22]. Jamming can be induced by increasing density when a flexible membrane 
containing granular matter, e.g. coffee or rice, is vacuumed. The density can be controlled by 
regulating the vacuum level; thus it is possible to make particles act like a liquid, solid, or something 
in between. Its response time mainly depends on the vacuuming system. It has been used for haptic 
feedback [23].  
This paper presents the design, simulation and experimental validation of a stiffness controllable 
multi-fingered haptic palpation method. Stiffness modulation is obtained through a granular jamming- 
based mechanism positioned on top of an inflatable structure for enhancing stiffness discrimination. A 
proof-of-concept study is performed to validate three main aspects: 
1) granular jamming can be used for conveying stiffness information in remote palpation; 
2) adding a pneumatic chamber below the granular jamming chamber enhances the performance 
of the stiffness modulation system; 
3) multi-fingered palpation is superior to single-fingered palpation. 
This article is organized as follows. Section 2 describes the design of the stiffness actuator and 
explains the concept of the multi-fingered haptic palpation system. An enhanced structure for the 
actuation system is presented and validated in Section 3. The ability of our actuators for stiffness 
modulation is validated using indentation tests in Section 4. Section 5 presents a user study of multi-
fingered palpation using the proposed actuators. Section 6 concludes this paper. 
2. Stiffness feedback actuator and multi-fingered haptic palpation system 
In this study, granular jamming was exploited for stiffness control by regulating the vacuum level in 
the granular jamming chamber. Such strategy has already been validated in several robotic devices in 
the medical field [24–28]. Other researchers have shown that ground coffee is a suitable granule type 
for jamming [25]. Therefore, coffee was used inside our granular jamming chamber. The proposed 
pneumatic and granular jamming actuator is shown in Figure 1. The granular jamming chamber was 
made by filling 5 g of coffee powder (in our study, we used Lavazza, Qualità Rossa, medium 
roasting) in a latex membrane (average thickness: 0.07 mm), which provides a relevant change in the 
elastic modulus during compression and has low hysteresis [29]. When the granular jamming chamber 
is activated (see Figure 1 (d)), the size of the chamber is reduced compared to the loose status as 
shown in Figure 1 (c). The particles will tend to adapt to the shape of the indenter (the finger in this 
case) as happens in the universal gripper where this phenomenon is exploited for gripping materials of 
different shapes [24]. In the envisaged use of the granular jamming based stiffening chamber, it is not 
desirable to have a permanent deformation of the granules when the finger is pressed against them. In 
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order to avoid the permanent deformation, a pressurized pneumatic chamber was added below the 
granular jamming chamber. The pneumatic air chamber was made by pouring silicone (Ecoflex™ 
0050 – Smooth on Inc.) inside a printed mold produced by a 3D rapid prototype machine (ProJetTM 
HD 3000 Plus), which had a minimum layer resolution of 16 µm. During activation, air pressure is 
applied to inflate the top surface of the pneumatic chamber to guarantee the returning of the coffee to 
a flat shape and maintaining its contact with the fingertip during jamming (see Figure 1 (d)). 
Therefore this pneumatic chamber protects the granular material against shape change caused by the 
applied indentation force. When the applied contact force is removed, the pneumatic chamber bounces 
back, with the coffee powder in the granular jamming chamber being loose and freely movable.  
!
Figure 1. (a) Top and (b) side view of a prototype of pneumatic and granular jamming actuator and a profile 
view of the inactivated (c) and activated actuator (d). 
A haptic device with two actuators was fabricated and integrated in the structure as depicted in Figure 
2 to produce a two-fingered palpation system. Such structure provided a compact assembly of the two 
interfaces and limited the expansion of the silicone, during the air inflation, in all directions with the 
exception of the top surface, where the granular jamming chamber was placed.  
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Figure 2. CAD model showing assembly of the two finger palpation system (units: mm) 
Figure 3! (a) shows the block diagram of the control of the pneumatic haptic feedback actuators. 
According to the tactile sensing input (e.g. from the tele-manipulator), the air pressure values of the 
corresponding two channels can be calculated. In our evaluation study, predefined stiffness levels 
were used instead of the tactile sensing input. Pneumatic supply was provided by a compressor 
(BAMBI 150/500 air compressor) with an output of 0.15 MPa. Two NI DAQ cards (USB-6211) were 
used as analogue signal generators for the pressure regulators and vacuum regulators. The pressure 
regulators (SMC ITV0010) reduced the air pressure and inflated each of the actuators with 
proportional pressures ranging from 0 to 0.1 MPa. A Mastercool 90066-2V-220 pump and vacuum 
regulators (SMC ITV0090) were used to extract air from each of the actuators with proportional 
pressures ranging from -0.001 to -0.1 MPa. A piece of non-woven fabric was used at the air tubing tip 
inside the granular jamming chamber to prevent coffee powder to enter into the tubing and a filter 
(ZFC050-04B, SMC) was used to further prevent particles to enter into the pump. Figure 3!(b) and (c) 
illustrate how the proposed actuators can be used in RMIS and MIS environments. Tissue stiffness 
information can be captured by the force and position sensors attached to the surgical tool at the slave 
side of the robot. At the master side, stiffness actuators are added to the control console to provide 
stiffness feedback to the fingers of the surgeon. 
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!Figure 3. Schematic diagrams of (a) the multi-fingered palpation system and the applications in (b) an RMIS 
context and (c) a conventional MIS context.!
3. Structure enhancement 
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According to our previous research about the pneumatic actuator inflation [30], the silicone 
membrane underwent a hemispherical deformation in response to the applied air pressure. In order to 
reduce the deformation and make the deformation distribution more even on the surface whilst still 
using a highly soft silicone, we propose a cotton thread to be embedded in a silicone layer above the 
inflatable chamber. As shown in Figure 4!(a), a groove in “ ” shape pattern was created on the top 
of the pneumatic chamber during the molding process of the silicone structure. A cotton thread was 
then placed inside the groove (see Figure 4!(b)). Another layer of silicone was constructed on top (see 
Figure 4!(c)). As shown in Figure 4!(d), a granular jamming chamber was then fixed on top. Finally a 
thin layer of latex membrane was used to cover the whole structure.  
 
Figure 4. CAD model showing fabrication steps of the actuator (units: mm): (a) a groove on the top of the 
pneumatic chamber; (b) embedded cotton thread in the groove; (c) another silicone layer added; (d) a granular 
jamming chamber on top. 
To validate the concept of using cotton thread for reducing the volumetric expansion of the pneumatic 
chamber and making the deformation distribution more even on the surface, the inflation behavior of 
the silicone pneumatic chamber was modeled using three-dimensional (3D) finite element (FE) 
modeling, as shown in Figure 5. A deformable fingertip model was placed above, contacting the top 
surface of the silicone pneumatic chamber. First, the simulation was run based on the cotton thread 
and the silicone structure. The material properties of the cotton thread and the silicone structure used 
in this FE model are shown in Table 1. Then, the material of the cotton thread was replaced by the 
silicone material to form a control condition. In other words, the simulation was run based on a 
silicone thread and the silicone structure in the control condition. In the simulation, a uniform 
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distributed load (0.1 MPa) was applied on the inner surface of the air chamber. The lateral surfaces 
and the bottom of the chamber were fixed by an encastre boundary condition (“encastre” means fully 
constrained with no rotation or translation being allowed).  
The fingertip was considered to have a width of 20 mm and a height of 18 mm representing a male 
index finger [31], shown in Figure 6. The cross section shape of the fingertip was obtained with 
reference to its anatomical images [32]. The cross section shape of the bone was set to be elliptical. 
The nail and bone were assumed to be linearly elastic. The Young’s moduli of the nail and bone were 
set to be 170.0 MPa and 17.0 GPa, respectively [33]. The Poisson’s ratio was assumed to be 0.30. The 
material parameters are listed in Table 2. The elastic behaviors of the finger’s subcutaneous soft tissue 
and inner skin were simulated using a polynomial model [33]: 
i
n
i i
ji
n
ji
ij JD
IICU 2
1
21
1
)1(1)3()3( −+−−= ∑∑
==+  ,                                                (1) 
where n, Di, Cij are the material parameters; J is the elastic volume ratio; 1I  and 2I are the first and 
second deviatoric strain invariants, respectively. The material parameters are listed in Table 3.  
!
Figure 5. 3D modeling of the inflation behavior of the silicone pneumatic chamber with a fingertip contacting 
the top surface: (a) integral structure; (b) cross section. 
Table 1. Material properties used in the finite element model 
Properties Cotton thread Silicone 
Mass density (tonne/mm3) 1.54×10-9 [34] 1.07×10-9 [35] 
Young’s Modulus (MPa) 8200 [34] Null 
Hyperelasticity Null Uniaxial test data 
Poisson’s ratio 0.5 0.4 
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Figure 6. Fingertip model: shaded (a) and wireframe (b) render model. 
 
Table 2. Elastic parameters for the soft tissues of the fingertip [31] 
 Bone Nail Inner 
skin 
Outer skin Soft tissue 
Density (kg/m3) 2.7  2.0  1.0 1.0 1.0 
 
Table 3. Elastic parameters for the soft tissues of the fingertip [36] 
 C10 (MPa) C01 (MPa) C11 (MPa) C20 (MPa) C02 (MPa) D1 (MPa-1) 
Inner skin 2.34E-3  5.42E-3  -0.262 0.239 7.47E-2 13.3 
Tissue 5.97E-4 1.34E-3 -6.55E-2 5.96E-2 1.87E-2 53.3 
 
Using the proposed FE models of the cotton thread and the silicone chamber, the inflation behavior of 
the silicone chamber was modeled. Figure 7 shows the simulation result when a deformable fingertip 
is in contact with the actuator surface. A more even deformation distribution on the surface of the 
actuator was achieved by incorporating networks of cotton thread. The enhanced structure reduced the 
deformation magnitude of the actuator surface almost by 5 times. Therefore, this network of cotton 
thread was integrated into our actuators and used in this study. 
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Figure 7. Deformation results: the deformable finger and actuator with no structure enhancement (a) 
and with structure enhancement (b).  
4. Stiffness modulation validation 
In order to validate the performance of the stiffness modulation using the proposed pneumatic and 
granular jamming actuator, an experiment was set up as shown in Figure 8. A rigid indenter was used 
to conduct the indentation test and the normal reaction force and indentation depth information was 
recorded. A pneumatic and granular jamming actuator was fixed at one side of a guide rail. An ATI 
Nano 17 F/T sensor (SI-12-0.12, resolution 0.003 N with 16-bit data acquisition card), which was 
attached to a hemispherical indenter for force measurement, was fixed to the sliding block on the 
guide rail. A Maxon EC-30 motor-powered linear module was used to control the indentation depth. 
A LabVIEW program was developed to control the motor position and record the indentation depth, 
air pressure, vacuum level, and force data. 
Tests were conducted at 3 mm indentation depth and using different combinations of pressure inside 
the chamber and vacuum levels in the granular jamming-based stiffening chamber. A maximum 
pressure of 0.02 MPa was chosen in order to maintain a small amount of deformation of the air 
chamber surface. The maximum vacuum pressure was -0.1 MPa. The indentation was performed at a 
very low speed of 0.1 mm/s in order to neglect possible dynamical effects. Each test was repeated 8 
times. 
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Figure 8. Experiment setup of stiffness modulation validation. 
Figure 9!(a) presents the reaction force from the actuator during the indentation tests when only the 
pneumatic chamber was activated and the granular jamming chamber was present but not vacuumed. 
It is evident that the increase in the pressure level increased the stiffness of the actuator, but it would 
be very difficult to discriminate the stiffness levels since the curves corresponding to pressure values 
greater than 0 MPa are virtually overlapping. In addition, as evident from Figure 9 (a), the 
hyperelastic behavior of the silicone material was dominant. Figure 9 (b) shows the reaction force 
from the actuator during the indentation tests when three levels of air pressure (0.0 MPa, 0.015 MPa, 
and 0.02 MPa) and three levels of vacuum pressure (0.0 MPa, -0.03 MPa, and -0.1 MPa) were applied. 
As expected, we can observe that higher vacuum pressures (i.e. when the granular jamming chamber 
was activated) produced steeper slopes of the stress-strain curves. The actuator had an almost linear 
response with the exception of the very first tract, when none of the two chambers were activated, and 
thus, the hyperelasticity of the silicone material was dominant. The inflation of air in the pneumatic 
chamber affected mainly the slope of the curves and tended to increase the distance between the 
curves corresponding to different vacuum levels. The maximum reached force, however, was not 
increased considerably by the air pressure inside the pneumatic chamber since this pneumatic 
chamber absorbed part of the load and thus avoided permanent deformation of the variable stiffness 
chamber. Referring to the test results shown in Figure 9!(a) and (b), one can see that the stiffness 
modulation range was amplified by the inflation of air, creating distinctive force profiles. 
Figure 9 (c) depicts the stiffness variation profile calculated applying Hook's law to the curves of 
Figure 9 (b). One of the main advantages of the proposed actuator, as evident from Figure 9 (c) is that 
the pressurized actuator presented a more linear change in stiffness at the different vacuum levels. In 
contrast, the change in stiffness was more abrupt when no air pressure was applied. When the air 
pressure was 0.02 MPa, the relationship between stiffness and vacuum pressure was more linear and 
the hysteresis was lower than when the other two air pressure levels were applied. The hysteresis was 
computed as the enclosed area between the unloading and the loading cycles. As shown in Figure 9 
(d) hysteresis was decreased significantly (up to 65% less) when the air chamber was inflated 
confirming that the permanent deformation of the granular jamming chamber was considerably 
reduced. Therefore, 0.02 MPa air pressure was applied in the following user study. 
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Figure 9. Indentation result with error bar when only the pneumatic chamber in the actuator is 
activated (a); indentation result with error bar when both the pneumatic chamber and granular 
jamming chamber in the actuator are activated (b); stiffness variation profile when both the pneumatic 
chamber and granular jamming chamber in the actuator are activated (c); hysteresis when both the 
pneumatic chamber and granular jamming chamber in the actuator are activated (d). 
5. User study 
A user study of stiffness discrimination was conducted to validate the ability of tissue stiffness 
interpretation of the proposed pneumatic and granular jamming actuators. Two types of feedback 
were investigated, single-fingered feedback and two-fingered feedback. Three levels of vacuum were 
used – 0, -0.01, -0.1 MPa. Experiencing higher stiffness of the actuator underneath a finger was 
considered as an indication of a tumor; receiving the same stiffness level by two fingers was 
considered as an indication for no tumor present. Eight types of combinations of stiffness levels were 
studied. During the single-fingered palpation, the participants were presented with two levels of 
stiffness in order, while their two fingers were fed back with the two levels of stiffness simultaneously 
during the two-fingered palpation. During the test a stopwatch (with a measurement precision of ±1 s) 
was used in order to measure the time required by the participant to explore the surface of each trial. 
Twelve participants were involved in the trials: 4 women and 8 men. The demographics of the 
involved participants are presented in Table 4. All the tests were performed pseudo-randomly by each 
participant. 
Table 4. Overview of demographics and experience of the participants  
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Item Detail 
Age range 23-36 
Average age 28.7 
Gender ♀: 4; ♂: 8 
Handedness R: 12; L: 0 
Palpation experience 0 
Engineering background 12 
VR simulator 0 
 
The following statistical measures were used to evaluate the performances of the investigated 
feedback modes. Sensitivity Se [37], which is a measure of the test's ability to identify positive results, 
was defined as:  
 ∑ ∑
= =
+=
n
i
n
i
iii FNTPTPSe
1 1
)(/ ,                                                         (2) 
where n is the number of trials; TP is true positives – participants claim there is a hard nodule when 
there is one; FN is false negatives – participants claim there is no hard nodule when there is actually 
one. 
Specificity Sp [37], a measure of the test’s ability to correctly identify negative results, was defined 
as: 
                       ∑ ∑
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)(/  ,                                                      (3) 
where TN is true negatives – participants claim there is no hard nodule when there is no one; FP is 
false positives – participants claim there is a hard nodule when there is actually no one. 
Positive predictive value PPV [38], or precision rate, was defined by the following formula: 
∑∑
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Accuracy ACC [38] is defined as: 
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Wilson score intervals [39], which were calculated for those statistical measures at 95% confidence 
level, are defined using the following formula: 
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where n is the sample size; pˆ is the proportion of successes estimated from the statistical sample; z is 
the 1-α/2 percentile of a standard normal distribution where α is the error percentile. Here, since the 
confidence level is 95%, the error α is 5%. 
The differences between the two-fingered palpation and single-fingered palpation on Se, Sp, PPV and 
ACC were examined by comparing the observed probabilities (p1 and p2) with a combined interval 
(CI), defined as [40]: 
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where if p1 < p2, P1 is the upper bound of p1 and P2 is the lower bound of p2. When |p1 - p2| > CI, there 
is a significant difference between the two tests. 
Figure 10 presents the sensitivities Se, specificities Sp, positive predictive values PPV, and accuracies 
ACC with Wilson score intervals at a 95% confidence level of the stiffness level discrimination tests. 
The population was 192 (2 values × 8 trails × 12 participants). From Figure 10 one can see that two-
fingered feedback has higher values of Se, Sp, PPV and ACC. However, the differences are not 
significant (see Table 5).  
 
 
Figure 10. The sensitivities, specificities, positive predictive values, and accuracies of stiffness level 
discrimination with Wilson score intervals at a 95% confidence level. 
Table 5. Comparison of sensitivity, specificity, and accuracy in stiffness level discrimination tests of 
single-fingered feedback and two-fingered feedback  
Item Combined interval (CI) Probability difference (Δp) Significance 
Se 0.081 0.058 CI > Δp , No 
Sp 0.067 0.032 CI > Δp , No 
PPV 0.083 0.047 CI > Δp , No 
ACC 0.074 0.036 CI > Δp , No 
 
Figure 11 presents the consumed time during the tests of stiffness level discrimination. Since the 
sample size was as large as 96 (8 trails × 12 participants), it can be considered as normally distributed 
and a student t-test was performed to compare the consumed time during the tests. The two-fingered 
feedback test consumed significantly less time than the single-fingered feedback test since p-value 
was 2.60 × 10-14. 
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Figure 11. The consumed time during the tests of stiffness level discrimination of single-fingered 
feedback and two-fingered feedback. 
6. Discussion 
In a multi-fingered haptic system, the actuators when actuated by equal amounts of input pressure 
must output equal levels of stiffness, requiring precise fabrication of identical granular jamming 
chambers with equal shape and capacity. In this paper, they were hand-made, and it was found 
difficult to produce completely identical granular chambers. This difficulty can be overcome by a 
standardized fabrication process.  
As we observed during the stiffness modulation tests, the activated actuators had an almost linear 
response thanks to the activated granular jamming chamber and the pneumatic chamber while the 
inactivated actuator showed the characteristics of the hyperelastic silicone material of the actuator. 
The inflation of air in the pneumatic chamber amplified the stiffness variation range by affecting the 
slope of the curves and tended to increase the distance between the curves corresponding to the 
different vacuum levels. It should be mentioned that part of the indentation load was absorbed by the 
pneumatic chamber, which helps avoiding permanent deformation of the variable stiffness chamber. 
Some hysteresis can be observed between the stress-strain curves of loading and unloading especially 
when the vacuum level was higher than -0.06 MPa (see Figure 9 (d)). By introducing the air chamber 
under the granular jamming chamber, hysteresis was decreased considerably (by up to 65%) 
confirming that the permanent deformation of the granular jamming chamber was considerably 
reduced. To further improve the performance of the system, hysteresis compensation algorithms 
should also be considered for future studies.  
The two-fingered feedback showed higher values of Se, Sp, PPV and ACC than the single-fingered 
feedback. However, the differences were not significant. Increasing the number of actuators to three 
may enlarge the significance; this needs more research. The two-fingered feedback test consumed 
significantly less time than the single-fingered feedback test. Therefore, the user study results of 
discrimination of stiffness levels reveal that the two-fingered feedback is more time-efficient to 
convey tissue stiffness information to the user. By an extension of this logic, multi-fingered feedback 
is more time-efficient to convey tissue stiffness information to the user than single-fingered feedback. 
7. Conclusion 
In this paper, a multi-fingered palpation method using a pneumatic and granular jamming actuator, 
which simulates tissue stiffness directly, is proposed. This principle is proven by examining the 
stiffness variability of the actuators and evaluating their performance in discriminating stiffness levels 
exploring the perception of single-fingered and two-fingered feedback in a user study. The 
experimental results show that the stiffness of the actuator can be controlled to simulate tissue 
stiffness; the introduction of a pneumatic chamber to granular jamming can amplify the stiffness 
variation range and reduce hysteresis of the actuator; the two-fingered feedback using the proposed 
pneumatic and granular jamming actuators is more time-efficient with regards to the discrimination of 
stiffness levels than what can be achieved using single-fingered feedback. The proposed pneumatic 
and granular jamming actuators provide a solution for multi-fingered palpation haptics. The accuracy 
and time-efficiency advantages of using multi-fingered palpation over single-fingered palpation have 
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been shown in this study. By incorporating real-time tactile sensing data, the application of these 
actuators can be extended from simulated haptics to intra-operative palpation haptics. 
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